Atomistic molecular dynamics simulations were used to study the interaction of A n K peptides (with n ¼ 3, 6 and 9) in contact with two different types of lipid membranes, DPPC and DPPG. PMF calculations and their decomposition into enthalpic and entropic components allowed a detailed thermodynamic analysis of the energy profile associated with the adsorption and penetration of the peptides through the lipid membranes.
Introduction
Peptide-based nanomaterials have been the focus of research in recent years because of their excellent properties, such as versatility, biocompatibility and medicinal properties. [1] [2] [3] [4] [5] An important class of peptides, which may exhibit a wide range of possibilities for biomedical applications is the amphiphilic peptides. [1] [2] [3] [5] [6] [7] [8] [9] [10] [11] [12] [13] Despite the various characteristics in common with lipids and detergents, such peptides, called surfactant-like peptides (SLPs), present an intrinsic difference that can lead to different physical consequences: the composition and structure of their tail. Unlike conventional surfactants whose hydrophobic tails interact in all directions through hydrophobic interactions, the amphiphilic peptide tail contains not only hydrophobic groups but also hydrophilic sites. 14, 15 This feature allows the SLPs to stabilize nanostructures in one direction through hydrophobic interactions and in the orthogonal direction by hydrogen bonds. 14, 15 Hydrogen bonds associated with hydrophobic interactions can stabilize even more complex secondary structures such as helices and sheets, whereas conventional lipids/surfactants are basically organized into micelles, vesicles and nanotubes. 14, 15 In addition to the remarkable characteristics related to self-assembly, amphiphilic peptides also have desirable antibacterial properties. 13, [16] [17] [18] The relationship between the antibacterial activity of surfactant-type peptides and their propensity to form nanostructures has been investigated experimentally. 13, 19, 20 Zhao et al. examined this relationship for the A n K peptide class (a sequence of n alanine residues and one cationic hydrophilic lysine head). 13 They synthesized three different polypeptide structures with n ¼ 3, 6 and 9, observed the formation of nanostructures and tested the antibacterial activity of each species. The A 3 K, A 6 K and A 9 K polypeptides were self-organized in bilayer, nanotubes and nanorods, respectively. 13 The rst showed very low antibacterial activity, while the intermediate showed moderate activity. The A 9 K peptide, in turn, proved to be the most efficient and additional biological assays conrmed the death of the bacteria through the rupture of the cell membrane induced by the contact with this peptide. 13 Experimental studies indicate that exposure of A 9 K to a DPPC lipid membrane causes practically no perturbation to the membrane structure, whereas the same treatment for the DPPG membrane leads to substantial destabilization of the membrane structure. This is a trend entirely consistent with the high selectivity observed from hemolytic activity studies in membranes. In addition, interactions between the peptides and membranes can be expected to play a signicant role in the membrane destabilization process. Although it is recognized that alanine tail size notably affects the self-organizing process of A n K peptides, it is not clear whether there is a size dependence on the direct interaction between these isolated peptides and lipid membranes. In this work, we carried out to a computational study evaluate the effect of polyalanine chain length on its interaction with lipid membranes. A detailed analysis of the thermodynamics of intermolecular interaction between A n K peptides and DPPC and DPPG lipid membrane models has been performed at the limit of innite dilution (i.e. a single peptide at membrane system). In this way, we can describe with atomistic precision which factors are most relevant to the peptidemembrane interaction.
Simulation details
Here we are interested in analyzing the interactions of three different A n K peptides with two different biological membranes models, DPPC (dipalmitoyl-phosphatidyl-choline) and DPPG (dipalmitoyl-phosphatidyl-glycerol). These membranes present very different physicochemical characteristics. At physiological pH, DPPC membrane is in zwitterionic form, having no net charge, while DPPG membrane is in anionic form, carrying a negative charge per DPPG molecule. This difference is interesting because it allows us to analyze the effect of the charge on the interactions with the peptides. Additionally, from the biological point of view, we can consider the DPPC as a membrane model of mammalian cells and the DPPG as a bacterial membrane model.
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Two different simulation series were performed to determine the structure, energetic and thermodynamics of the interaction between A n K polypeptides and the lipid membranes. At the rst series of simulations, the peptides were immersed in a periodic computational cell containing 128 lipids and about 6000 water molecules, totaling about 34 000 atoms. Both pre-equilibrated membranes were obtained from Peter Tieleman database. 23 In the computational cell for the DPPG membrane, 128 Na + ions
were also added to neutralize the lipid charges, making neutral the net charge on the membrane. The positive charge on lysine residue was neutralized using the chloride anion, keeping the peptides also electrostatically neutral. This resulted in six different investigated systems (see Fig. 1 ). The simulations were performed in the isobaric-isothermal ensemble (constant pressure and temperature, NpT) under conditions T ¼ 323 K and p ¼ 1 atm, with no additional applied surface tension. In these conditions, with a higher temperature, the surface tension is about 10% less than at room temperature. 24 Thus, although the expected effects of the surface tension on our results are only slightly quantitative (not altering the analyzes as a qualitative way) we reduced them to the processes studied here, namely: adsorption and penetration of the peptide in the membranes. Water molecules were described using the TIP3P 25 model while the lipids were modeled by the CHARMM36 (ref.
26) force eld. The simulation cells were initially subjected to energy minimization aimed at the removal of high-energy contacts. Then, the equilibration process was conducted in both boxes for 5 ns, where the all unconstrained system was allowed to relax so that lipids and water interacted with each other. Finally, a trajectory of 40 ns, using a time step of 2 fs, was obtained for each of the systems. Congurations of the systems were saved every 10 ps totaling 4000 frames for statistical analysis. The molecular representation of each peptide and a representative conguration of a simulation cell are shown in Fig. 1 . The electrostatic interactions beyond 1.2 nm were accounted for by Particle-Mesh-Ewald (PME) method. 27 The Lennard-Jones interactions were smoothly brought down to zero from 1.1 to 1.2 nm using the classical shied force technique. The constant temperature, 323 K, was maintained by the velocity rescaling thermostat 28 (with a time constant of 0.5 ps), which provides a correct velocity distribution for a statistical mechanical ensemble. The constant pressure of 1 atm was maintained by Parrinello-Rahman barostat 29 with a time constant of 2.0 ps and a compressibility constant of 4.5 Â 10 À5 bar
À1
. A second series of simulations was performed to determine the potential of mean force (PMF), the free energy curve that characterizes the process of insertion of the peptides inside the membranes in function of a reaction coordinate, in this case, the center of mass distances between membranes and peptides. This time we use simulation cells of different dimensions from previous ones since the protocol used in PMF calculations requires a larger z-dimension cell so that the peptide can be forced into the membrane starting from a sufficiently long distance. This initial long distance is important, so that at the beginning of the process peptide-membrane interaction be negligible. A representation of one of the PMF simulated cells is shown at Fig. 2 .
Steered molecular dynamics simulations (SMD) were performed in order to force the insertion of the peptides into the membranes within 1 ns, according to the scheme shown at right of Fig. 3 , using a harmonic force constant of 2000 kJ mol À1 nm À2 applied to the center of mass of the A n K peptide. The rate at which the peptide was pulled against the center of mass of the membrane was 0.01 nm ps
. From the SMD trajectory 100 structures were separated by regular intervals of 0.05 nm of the reaction coordinate. These congurations were used at the umbrella sampling calculation, each consisting of a simulation window.
30 This large number of congurations was necessary to ensure adequate overlap of the histograms along the entire distance of 5 nm, mainly in internal and supercial regions of the lipid membrane. For each of these congurations the peptide was held xed by its center of mass to its position by a harmonic force constant of 2000 kJ mol À1 nm À2 . For each window simulation the systems were sampled for 30 ns, preceded by an equilibration phase of 5 ns. To take into account information from all intermediate states we use the WHAM method. 31 Both the SMD simulations and the PMF windows were performed under the same conditions of temperature and pressure and with the same models as those presented for the rst series of simulations. All trajectories were propagated using the GROMACS 5.1 simulation engine.
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Results Fig. 3 shows the mass distribution proles of the peptides in relation to the membrane surface. Note that for the DPPC system the peptides are far from the surface of the membrane (indicated by the vertical gray line), that is, throughout the simulation they remain almost always solvated in the aqueous environment bulk. This is evident by observing mass distributions between 1 nm and 4 nm and also between À8 nm and À4 nm. We see that despite the zwitterionic character of the membrane and the cationic character of the peptides, the most favorable interaction for the peptides in the DPPC system is still with the aqueous environment.
For the peptides in the DPPG system we observed different behavior. All three peptides spend most of the simulation time adsorbed onto the membrane surface. In particular, A 6 K peptide slightly permeates the surface, favoring the interaction with the membrane to the detriment of the interactions with the aqueous medium. On the other side, we observed that A 9 K peptide, although remains relatively close to the membrane surface, presents a signicant probability of remaining solvated into the bulk water. Here it is interesting to note that, contrary to what has been suggested in the recent literature, A n K peptides do not have a hydrophobic tail. 14, 15 It has been shown that although alanine tails have hydrophobic side groups, when immersed in water, their hydrophilic sites form hydrogen bonds with the aqueous environment, favoring the hydration process.
33 For A 9 K, which present the longer alanine chain, this behavior is more pronounced since this polypeptide forms a greater number of hydrogen bonds, as we will see further. At the same time the adhesion of the lower A n K peptides to the charged surface of the DPPG membrane is consistent with the electrostatic character of the system constituents, for which a strong Coulomb attraction is expected.
A clear conrmation of this strong interaction can be obtained by analyzing the lateral diffusion coefficient of the peptide. This coefficient is numerically equal to the slope of the lateral mean squared displacement (MSD) plotted as a function of time, given by the Einstein relation:
where hr 2 i is the mean squared displacement in time t. Fig. 4 shows the lateral diffusion coefficients parallel to the plane of the membranes for all of three peptides.
Although the values obtained by the linear tting of the curves of the Fig. 4 are not quantitatively accurate, the qualitative comparison is relevant and remains valid. As we can observe the values of diffusion coefficient for the peptides in the DPPG system are much smaller than the corresponding values in DPPC. For the A 3 K system, for example, the value of this coefficient is 0.69 Â 10 À5 cm 2 s À1 in DPPC, whereas it is only 0.06 Â 10 À5 cm 2 s À1 in DPPG. This reduction in the diffusion coefficient is related to the great loss of lateral mobility of the peptide and this loss is due precisely to the interactions between the peptide and the surface of the DPPG membrane. Note that in all cases the mobility of the peptides in the DPPC system is much greater since the expected interaction between peptides with its surface is rather low. Energy analysis also conrms and quanties the larger interaction between the peptides and the DPPG membrane. Fig. 5 shows the total interaction energy between the peptides and the membranes.
The drastic difference of around one order of magnitude between the interactions with both membranes reveals the preference of the peptides for the DPPG membrane. This nding certainly has consequences on the antibacterial character of the peptides. However, this interaction has its maximum not for the A 9 K peptide (which is considered the deadliest for bacteria) but for the A 6 K peptide. While the ). Note that the interaction between the peptides and the DPPG membrane is an order of magnitude greater than the corresponding interaction with the DPPC membrane. The convergence of this averages is described at the interaction of this with the DPPG membrane is À222 kJ mol À1 the interaction of A 9 K is only À137 kJ mol À1 . Analogous behavior can be observed for A n K-DPPC interaction, but on a smaller scale. Thus, the interaction between disperse A n K peptides and lipid membranes not present a simple direct relationship to tail size, at least for these small peptides investigated herein. Therefore, the intensity of the membranepeptide interaction is expected to be due to collective factors and not only to the size of the peptide.
To get a better understanding of the energetics of this interaction, we decomposed the total interaction energy into their electrostatic (Coulomb) and van der Waals contributions. In addition, we also decomposed the energy in terms of the components by residues. In this way we can calculate the contributions of the polyalanine chain (ALA, A n ) separately from the contributions of the polar head (LYS, K). Fig. 6 shows this decomposition of the interaction energy. Again, through the difference of the scales, the much greater intensity for the interaction of the peptides with the DPPG membrane is evident. This is conrmed in both aspects analyzed; the nature of the interactions (Coulomb or van der Waals) and the residue types (ALA or LYS). For alanine residues we observed that highest contribution came from the van der Waals interactions, of À61 kJ mol À1 to A 6 K, in relation to the corresponding electrostatic, of À34 kJ mol
À1
, in DPPG membrane. The only exception is for the A 3 K in DPPC, where the electrostatic energy (À4.7 kJ mol À1 ) is slightly higher than the van der Waals correspondent (À4.3 kJ mol À1 ). Here it is important to note that it is not intuitive that the van der Waals energy corresponding to the ALA groups of the A 9 K peptide is lower than those of the A 6 K peptide, since the polyalanine chain is larger for A 9 K peptide. For this case, as we have seen, the distance between the peptide A9K and the DPPG membrane is larger, implying a lower interaction energy. For the lysine residue, on the other hand, the electrostatic interactions are drastically greater than the corresponding van der Waals interactions, as expected. From Fig. 3 and from visual inspection it is possible to observe that, unlike for the other peptides, the polar head of the A 6 K peptide spends most of the time near the DPPC membrane surface while its alanine tail remains more distant. This, although not leading to peptide alignment with the normal membrane surface, signicantly contributes to the interaction of the LYS group with the membrane, both reducing LJ interaction and considerably increasing Coulomb interaction, explain the much larger value for Coulomb interaction of the LYS group. The combined contribution of the van der Waals interactions from the ALA chain to the electrostatic interactions from the LYS group consists of most of the total energy, shown in Fig. 5 . For the peptide A 6 K for example, we have a sum of À61-96 ¼ À157 kJ mol À1 which is equivalent to about 70% of the total energy of interaction in DPPG membrane. It is important to note that although van der Waals contribution is expressive for membrane-peptide interaction, its dependence on polyalanine length has no relevant role. We also considered the interaction between the peptides and the aqueous medium, which allowed us to evaluate the impact of the hydrogen bonds on the interaction of peptides with the membrane. Fig. 7 shows the number of hydrogen bonds and the total interaction energies between the peptides and the water molecules in both DPPC and DPPG systems. For peptide A 9 K, for example, 25 hydrogen bonds were found with water in the DPPC system against only 21 in the DPPG system. However, the decrease in the number of hydrogen bonds, although relevant, is not the most important fact to note here, but rather the fact Fig. 6 Decomposition of the total interaction (in kJ mol
) between peptides and membranes in terms of alanine (ALA) and lysine (LYS) residues and also in terms of the electrostatic components (Coulomb, in red) and van der Waals (LJ, in black). The first line shows the interaction energies with the DPPG and the second with the DPPC.
that both systems follow different trends. While the DPPC systems show a linear correlation between the polyalanine chain size with number of hydrogen bonds (n ¼ 3, 6 and 9 against #HB ¼ 13, 19 and 25) , that is, the number of hydrogen bonds increases linearly with n, the same does not occur for the DPPG system.
There is a small increase in the number of hydrogen bonds when we compare A 3 K with A 6 K (a single hydrogen bond only), but a large increase when we compare A 6 K with A 9 K (9 hydrogen bonds). This is a direct reection that A 9 K, among three peptides, is the one that most interacts with water. This behavior is consistent with the more hydrophilic character of the A 9 K. 33 There is preferential interaction between the A n K peptides with the DPPG membrane, which decreases the area of the peptide accessible to the solvent, causing a decrease in the average number of hydrogen bonds between the peptides and water. As expected, the number of hydrogen bonds formed correlates with the interaction energy between the peptides and water. For the peptide A 9 K, which forms the largest amount of hydrogen bonds the interaction energy with water is À700 kJ mol À1 .
The energy analysis performed in the previous section provides a good basis for understanding the interactions between A n K peptides and lipid membranes. However, such an analysis is still supercial and takes into account only the pairwise potential energies. A more rigorous thermodynamic analysis must take into account not only enthalpic aspects, related to interaction energy itself, but also entropic aspects. In this way we can analyze the consequences of the degrees of freedom and the structural changes of peptides as they interact with the membranes. To obtain the related information about these thermodynamic potentials we perform the calculation of the PMF, which describes how the free energy between peptide and membrane varies along a chosen reaction coordinate. By calculating the enthalpy of the interaction, obtained point by point, we can also determine the entropy variation along the process directly through the expression: DG ¼ DH À TDS. In this way we can decompose the PMF and its enthalpic and entropic contributions thus obtaining a complete thermodynamic description for the interaction between the peptides and the membranes. The calculated here (Fig. 8 ) allow us to analyze in detail the thermodynamic aspects of these interactions.
The potentials of mean force clearly show a strong repulsive behavior around the center of the membrane (x ¼ 0) for both DPPC and DPPG systems. This repulsion to the permeation of the peptide is higher in the DPPC membrane and signicantly higher for the A 9 K peptide in both cases. On the other hand, the behavior at the membrane/water interface is different for the two membranes. We see that the interaction between the A n K peptides and the DPPC membrane does not show any minimum in the interface region, which is at approximately 2 nm, and therefore, no favorable interaction with its surface. For the DPPG membrane, the interaction curve presents a minimum on its surface, which is favorable and responsible for the adhesion of the peptides on the surface of the membranes. For the three peptides, the intensity of this binding was about 10 kJ mol À1 .
Again, we observed that the intensity of the membrane-peptide interaction not present a simple direct dependence to tail size. Of all works found at the literature involving the interaction between peptides and lipid membranes, most of them deal with zwitterionic membranes, such as DPPC, DMPC and POPC. Virtually nothing was found about the interaction between peptides and the DPPG membrane. One of the few examples found determines the adsorption energy between indolicin, a known antimicrobial peptide, with a DPPC/PG mixed membrane as being À14.6 kJ mol À1 which is a value close to that found above for the A n K peptides in DPPG.
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Finally, to characterize the energetic changes as the peptide approaches the lipid bilayer, we calculate the potential enthalpy as a function of the distance of center of mass between the peptide and the membrane. Fig. 9 shows the results for both types of systems, DPPC and DPPG. We can observe that as the peptide approaches the membrane its enthalpy decreases, that is, it contributes favorably to the free energy of adsorption. This is observed for both types of systems. We also see that the entropic contribution to the PMF increases, that is, as the peptide penetrates the membrane, an entropic penalty arises. The detailed balance between these forces shows that although the insertion of the peptide is favorable from the enthalpic point of view, it is not from the entropic point of view. For example, for the A 9 K system in DPPC, the enthalpy at the center of the membrane (at x ¼ 0) is about À370 kJ mol À1 while the variation of the entropic component is approximately À470 kJ mol À1 , which results in a positive free energy of 100 kJ mol À1 , characterizing the insertion process as non-spontaneous. The same behavior is observed for all systems investigated. Although subtle, it can be observed in the curves for the DPPG system that in the interface region the enthalpy curves are slightly lower than those of the entropy, resulting in the favorable interaction discussed in the previous paragraph. ) as a function of the reaction coordinate (x, distance between the centers of mass of the peptide and membrane). In black, blue and red the PMF, enthalpic, and entropic components, respectively. The entropic contribution was obtained directly from the relation DG ¼ DH À TDS. Note that the increase in the entropic contribution is shown in the graphs with the reduction of ÀTDS (the negative signal must be taken into account).
Conclusion
This work aimed to investigate, using atomistic molecular dynamics techniques, simplied models for the interaction between A n K peptides and DPPC and DPPG lipid membranes. Our simulations conrmed that positively charged peptides have a higher preference for interacting with the DPPG membrane than remaining hydrated in the bulk of water. The same did not occur for the zwitterionic membrane, a system in which the peptides remained hydrated for most of the simulation time. In this sense, a drastic difference of more than one order of magnitude between the interactions with both membranes was observed, with adhesion on DPPG surface being preferred by the peptides. For A 6 K peptide, for example, the interaction with the DPPG membrane is À222 kJ mol À1 while the interaction with the DPPC is only À16 kJ mol À1 . The detailed analysis done through the decomposition of the total interaction energy in terms of the electrostatic and van der Waals components conrms that the van der Waals component is signicant for the total interaction. On the other hand, this interaction seems not present a direct dependence on the size of the polyalanine tail of the peptide for the peptides investigated herein. Therefore, the intensity of the membrane-peptide interaction is expected to be due to collective factors and not only to the size of the peptide. The PMF calculations in the reaction coordinate that inserts the peptide into the lipid membrane allowed us to rigorously quantify the interaction between the peptides and the membranes. For the DPPC membrane the PMF did not present any minimum in the interface region and, therefore, none favorable interaction with its surface. On the other hand, the interaction with the DPPG membrane showed a clear minimum in its surface, which despite its moderate intensity, is favorable and responsible for the adhesion of the peptides on the surface of the membranes. For the three peptides, the intensity of this binding was about 10 kJ mol À1 . There were few results for comparison, but the values mentioned in the text suggest that this energy of interaction with the surface of the membrane is reasonable and is consistent with the electrostatic character of the systems involved.
The simplied innite dilution model, where a single peptide interacts with the biological membrane, was not sufficient to describe the process of membrane destabilization as observed experimentally. For this, considerations involving the concentration of peptides, morphology of peptide nanostructures, pH of solutions, among other physicochemical factors, must be taken into account in the model. 
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